The binding and the migration paths of an isolated Au adatom on the GaAs (001)-␤2(2ϫ4) reconstructed surface have been investigated by first-principle total-energy calculations in the Car-Parrinello scheme. The potential energy surface calculated for the Au adatom shows that the most interesting Au binding sites are located at short-bridge sites next the As-As dimers of the surface. Similar binding sites were found for Ga adatoms on the same surface. However, the Au chemical binding is different from that of Ga. A Ga adatom forms strong covalent Ga-As bonds with a marked ionic character when interacting with the As dimers, while the Au-dimer interaction is characterized by the formation of weaker pure covalent Au-As bonds. Accordingly, Au adatoms do not break the As-As dimers at variance with the case of Ga adatoms. The characteristics of the Au binding also account for an anisotropic Au migration that results to be faster along the dimer rows than perpendicular to them.
I. INTRODUCTION
The main factors in the degradation of semiconductor devices are the degradation of metal-semiconductor interfaces as well as metal films on the semiconductor surface. [1] [2] [3] Generally, metallization schemes involve structures formed by different metals, e.g., Ni/Au/Te, on the semiconductor. The atoms of each metallic species may give rise to degradation processes like exchange with the atoms of the semiconductor as well as lateral diffusion on the semiconductor surface. 2 The quality of the metal contacts is also related to the morphology of the metal films that is fixed by the first steps of the metal deposition. Thus, several technological problems concerning the realization of well-defined metalsemiconductor interfaces or the degradation of metallic contacts are closely related to the interaction of single metal adatoms with a semiconductor surface. Metal adsorption on semiconductor surfaces is also of interest from a fundamental point of view because the deposition of fractions of a metallic monolayer may have significant effects on the surface structure at a microscopic level. 4, 5 Gold is used in different metallization schemes. Several experimental studies have shown that Au atoms have a different behavior when interacting with Si or GaAs surfaces. Si-Au alloys are formed at low temperature ͑80°C͒ in the case of the Au/Si͑001͒ system. 6 On the other hand, in the case of Au/GaAs͑001͒, a well-defined Au/GaAs interface is observed at low temperature that becomes rough at 400°C due to interdiffusion processes. 7 Moreover, Au atoms seem involved in degradation processes of metal-semiconductor contacts that originate from a lateral migration of metallic atoms. 2 All these results have motivated the present study, which is focused on the investigation of the chemical binding and the migration paths of an Au adatom on the GaAs͑001͒-␤2(2ϫ4) surface. The ␤2(2ϫ4) reconstruction model of the GaAs͑001͒ surface has been considered here because it is stable at equilibrium 8, 9 and seems to be the dominating surface structure over a wide range of growth conditions. 10, 11 This (2ϫ4) surface structure is characterized by two As-As dimers and two missing dimers, see Fig. 1͑a͒ . More specifically, on the top ͑first͒ layer, pairs of As-As dimers form dimer rows in the ͑110͒ directions separated by ''channels'' formed by two missing rows of As atoms and by one missing row of Ga atoms on the second layer. Rows of As-As dimers are formed in the middle of these channels by the As atoms of the third layer of the substrate. Further channels perpendicular to the As-As dimer rows ͓i.e., in the (1 10) direction͔ separate the As-As dimers of the top layer. The chemical binding and the migration paths of an Au adatom on the GaAs͑001͒-␤2(2ϫ4) surface have been carefully investigated here by performing Car-Parrinello 12,13 ͑CP͒ total-energy calculations. More specifically, the adatom-surface interaction has been investi- FIG. 1 . ͑a͒ Stick and ball model of the GaAs (001)-␤2(2ϫ4) surface ͑top view͒. The As and Ga atoms are represented by black and gray spheres, respectively. The size of the spheres decreases when going from the top layer to the fourth layer. Different sites for an Au adatom on the surface are shown in the figure: the D and C letters identify sites close to the As dimers and located in the ''channels'' of the surface, respectively. ͑b͒ Perspective view of the potential energy surface ͑PES͒ for an Au adatom on the GaAs (001)-␤2(2ϫ4) surface. The figure also shows the positions of some As-As dimers on the surface. gated by estimating the adiabatic potential experienced by an isolated Au adatom interacting with the surface. A good approximation of this potential can be achieved by using the scheme outlined in previous theoretical studies. 14 -18 An adatom is placed above the reconstructed surface in the x-y plane. It is kept fixed at a given ͑x,y͒ position, while all the substrate atoms and the z coordinate of the adatom are fully relaxed by following the atomic forces and by minimizing the total energy of the system. The relaxation procedure is repeated for all ͑x,y͒ positions of a regular grid, thus providing a mapping of the potential energy surface E(x,y) ͑PES͒. In some ͑x,y͒ locations, the relaxation procedure has been repeated by starting with atomic geometries where the As-As dimer close to the Au atom is broken. This procedure should reveal the existence of deeper energy minima related to strong adatom-dimers interactions. Broken dimer ͑BD͒ configurations were found to play an important role in the case of Ga adatoms on the same GaAs͑001͒-␤2(2ϫ4) surface. 16, 17 The Au binding sites and the energy barriers opposing the adatom diffusion have been identified by the local minima and the saddle points of the PES estimated for the Au adatom, respectively. The geometry and the total energy corresponding to the stable Au sites have been then refined by fully relaxing the geometry of the Au-surface system. In correspondence with the most interesting sites of the adatoms, the Au chemical binding has been investigated by analyzing the local geometry and the distribution of the ͑va-lence͒ electron charge density. In particular, two-dimensional ͑2D͒ contour plots of the electronic charge density have been analyzed together with 3D difference density maps that permit to reveal even small displacements of the electronic charge induced by bonding interactions between the interacting atoms.
Present results have revealed interesting characteristics of the Au-surface interaction that results to be quite different from the Ga-surface interaction. More specifically, in the case of the Ga adatom, the interaction of the Ga atom with the surface gives rise to two PES characterized by the presence and the absence of broken As-As dimers, respectively. On the other hand, only one PES may describe the interaction of an Au adatom with the GaAs surface, which is characterized by the absence of broken As-As dimers. This indicates that isolated Au adatoms do not modify the surface reconstruction in agreement with the results of a recent STM ͑scanning tunneling microscopy͒ investigation of depositions of fractions of a monolayer of gold on the reconstructed GaAs͑001͒ surface 19 as well as with the absence of interdiffusion processes at low temperatures ͑i.e., below 400°C͒. 7 The different behavior of the Ga and Au adatoms can be related to their different chemical bonding with the As atoms of the surface dimers. Ga atoms give rise to strong covalent Ga-As bonds characterized by a marked ionic character. The Au adatoms give rise instead to weaker pure covalent bonds.
The nature of the Au binding favors the existence of different local minima on the PES and of different migration paths for the lateral diffusion of the Au atoms. An analysis of the energy barriers for the Au migration paths has shown two different activation energies for the Au diffusion along directions parallel or perpendicular to the As-As dimer rows. This indicates the existence of a diffusional anisotropy that should be observed by STM experiments and of interest for the technology of the Au-based contacts.
II. METHODS
In the Car-Parrinello method, the interatomic forces are computed from the instantaneous quantum-mechanical electronic ground state in the Born-Oppenheimer approximation. The electronic ground state corresponding to a given atomic geometry is obtained within the density-functional theory ͑DFT͒. 20, 21 The exchange-correlation functional used in the calculations includes gradient corrections ͑GC͒ to the localdensity approximation ͑LDA͒ 22, 23 in the form proposed by Becke and Perdew. 24, 25 Only the valence electrons are taken into account while the atomic inner cores are frozen. In the case of the Au atom, the interaction between the valence electrons and the frozen cores is described by soft firstprinciple pseudopotentials. 26 For Ga and As, we have used norm-conserving pseudopotentials. 27 The adatom-substrate system is modeled by supercell geometries with a (4ϫ4) periodicity parallel to the surface. This periodicity has been tested to be sufficiently large to have negligible adatomadatom interactions. Two different supercells have been used for the calculations that contain four and six layers of GaAs, respectively, plus an additional layer of H atoms that saturate the bonds of the lower surface. These supercells also contain a vacuum of six layers of GaAs perpendicular to the ͑001͒ surface. The four-layer supercell has been used for the calculation of the PES on a grid with a spacing of 1 Å as well as for refinements on a grid of 0.5 Å. The refinements were performed for the local minima and maxima identified by interpolating the former grid. In these calculations all the atoms of the substrate have been allowed to relax, but for the H atoms that are arranged in order to simulate a bulkterminated configuration. Then, a geometry optimization with no constraints on the Au adatom has been performed for the most important local minima. The most interesting sites ͑e.g., the sites of Table I͒ and a small sample of other ͑x,y͒ locations chosen by taking into account the symmetry of the surface have been then investigated by using a larger supercell of six layers of GaAs plus an additional layer of H saturators. In these calculations, only the four layers of the substrate close to the surface were allowed to relax. The calculations performed with the larger supercells have concerned both a mapping on the finer grid around the above selected sites and geometry optimizations without any con-TABLE I. Total energies ͑electron volts͒ calculated for an Au adatom located at various surface sites on the GaAs (001)-␤2(2ϫ4) surface ͓see Fig. 1͑a͔͒ . straint on the minimum energy sites. The changes of the ͑relative͒ energy values on the PES due to the use of the six-layer supercells with respect to the four-layer supercells are within 0.1 eV. Further checks have been performed with a supercell of six layers of GaAs and a layer of pseudohydrogen saturators. 28 The achieved results are quite similar to those achieved by using the six-layer supercells with H saturators, although the use of pseudohydrogen saturators gives larger effects on the energy minima corresponding to the broken-dimer configurations. These energy minima have been lowered of about 0.2 eV. Further, the energy barrier evaluated for the broken-dimer configurations have been slightly increased by the presence of pseudo-H saturators. In summary, the use of six-layer supercells with pseudo-H saturators in place of four-layer supercells with H saturators induces a lowering of 0.2 eV of the energy minima corresponding to the BD sites and an almost rigid shift of the other local energy minima and maxima of the PES corresponding to the Au adatom. Even the local geometries ͑e.g., bond distances and bond angles͒ of the As-Au-As complexes are slightly affected by the use of different supercells and saturators. The results presented here, have been achieved by using fourlayer supercells. Small corrections have been applied to the Au binding energies by taking into account the results achieved by using larger supercells. The single-particle Kohn-Sham wave functions have been expanded on a planewave basis set. As far as the kinetic-energy cutoff is concerned, the cutoffs of 16, 18, and 22 Ry have been tested. A satisfactory convergence of the results has been achieved by using a cutoff of 18 Ry. Only the ⌫ point is used for the k-space integration. The electronic optimization and structural relaxation have been performed using damped secondorder dynamics with electronic-mass preconditioning scheme. 29 Difference-density maps have been used here for an analysis of the chemical bonding of Au and Ga adatoms interacting with the surface As dimers. First, a charge-density sum D sum is calculated, which is given by D surf ϩD atom . D surf is the electronic density calculated for a supercell with no adatoms on the GaAs surface and where the As and Ga atoms are kept fixed at the positions they have in a given Au-surface configuration. D atom is the electronic charge density relative to an isolated Au atom located at the coordinates corresponding to the same Au-surface configuration of D surf . Thus, D sum represents the electronic density of the Au adatom and the surface when their interaction is ''switched off.'' Then, the charge density D for the Au-surface system is calculated. Difference densities D Ϫ and D ϩ are given by the negative and positive values of the difference DϪD sum , respectively. When the Au-surface interaction is ''switched on'' and the electronic charge density is rearranged, the above difference has positive ͑negative͒ values where the electronic density increases ͑decreases͒, thus permitting a fine description of the Au-As interactions.
III. RESULTS AND DISCUSSION

A. Au chemical binding
The most interesting sites of an Au adatom on the GaAs (001)-␤2(2ϫ4) surface are shown in Fig. 1͑a͒ . Figure 1͑b͒ shows a map of the PES calculated for the isolated Au adatom interacting with the surface together with the positions of some As-As dimers on the top and third layers. The PES topology is similar to that of the reconstructed GaAs surface. Regions characterized by two energy maxima separated by a deep energy minimum can be recognized around the As-As dimers of the top and third layers. These regions are separated by ''channels'' parallel and perpendicular to the direction of the dimer rows. In the above regions, the absolute energy minimum corresponds to a short-bridge site D 1 in Fig. 1͑a͒ , where the Au adatom forms an As-Au-As complex with a dimer of the third layer, see the atomic geometry shown in Fig. 2͑a͒ . A local minimum 0.36 eV higher in energy has been found at the D 2 site, which corresponds to a short-bridge site for a dimer of the top layer, see Figs. 1͑a͒ and 3͑a͒. The highest energy barriers correspond to the D 3 and D 4 sites, where the Au adatom is almost on the top of an As atom of a dimer. These sites are characterized by a strong repulsive interaction between the Au atoms and its nearest neighboring As atom. Further local minima and energy barriers are found in the channels around the dimers. For instance, the C 1 and C 2 sites are local minima and the C 3 and C 4 sites are saddle points. C 5 and C 6 sites are further local minima. The total energy values corresponding to the above sites are given in Table I . The Au adatom does not break the As-As dimers when located at the D 1 Table I .
The Au-dimer interaction has been compared with the interaction of Ga adatoms with the As dimers on the surface. Only the case of Ga atoms interacting with the dimers of the top layer will be discussed here, quite similar results have been achieved in the case of dimers of the third layer. Hereafter, X 2 and X 2-BD represent the Ga binding sites corresponding to the D 2 and D 2-BD Au sites, respectively. The atomic geometry relative to the X 2-BD site is shown in Fig.  6͑a͒ . In agreement with previous theoretical results, 15 ,17 the X 2-BD site corresponds to an energy minimum 1.1 eV lower in energy than that relative to the X 2 site. The two minima are separated by an energy barrier of 0.6 eV. These results indicate that the adatom-dimer interaction is quite different in the cases of the Ga and Au adatoms. In the case of Ga, the energy gain from the X 2 to the X 2-BD configurations ͑1.1 eV͒ Fig. 1͑a͒ . ͑a͒ Atomic geometry, the As and Ga atoms are represented by black and gray spheres, respectively. The Au adatom is represented by the biggest gray sphere, the H atoms by the smallest spheres. ͑b͒ Total valence charge density, the isosurface corresponds to an electron density of 0.035 e/a.u. 3 ; ͑c͒ D Ϫ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 ; ͑d͒ D ϩ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u.
The figure shows the geometry and some charge-density isosurfaces for an Au adatom located at the site D 2 in Fig. 1͑a͒ . ͑a͒ Atomic geometry, the As and Ga atoms are represented by black and gray spheres, respectively. The Au adatom is represented by the biggest gray sphere, the H atoms by the smallest spheres. ͑b͒ Total valence charge density, the isosurface corresponds to an electron density of 0.035 e/a.u. 3 ; ͑c͒ D Ϫ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 ; ͑d͒ D ϩ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. Fig. 1͑a͒ . ͑a͒ Atomic geometry, the As and Ga atoms are represented by black and gray spheres, respectively. The Au adatom is represented by the biggest gray sphere, the H atoms by the smallest spheres. ͑b͒ Total valence charge density, the isosurface corresponds to an electron density of 0.035 e/a.u. 3 ; ͑c͒ D Ϫ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 ; ͑d͒ D ϩ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 
FIG
. 5. The figure shows the geometry and some charge-density isosurfaces for an Au adatom located at the site D 2-BD in Fig. 1͑a͒ . ͑a͒ Atomic geometry, the As and Ga atoms are represented by black and gray spheres, respectively. The Au adatom is represented by the biggest gray sphere, the H atoms by the smallest spheres. ͑b͒ Total valence charge density, the isosurface corresponds to an electron density of 0.035 e/a.u. 3 ; ͑c͒ D Ϫ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 ; ͑d͒ D ϩ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u.
3 is much larger than those corresponding to the D 2 and D 2-BD configurations ͑0.21 eV͒ and to the D 1 and D 1-BD configurations ͑0.42 eV͒. Further, in the case of Au adatoms, much higher energy barriers separate the minima corresponding to the non-BD and BD configurations with respect to the case of Ga adatoms. Thus, at variance with the case of Ga adatoms, only the PES corresponding to unbroken As-As dimers can be used to describe the interaction of Au adatoms with the GaAs surface. That PES is shown in Fig. 1͑b͒ . The comparison between the Au-dimer interaction and the Ga-dimer interaction has been extended to the characteristics of the chemical bonding of the two adatoms in the BD configurations. In detail, the chemical bonding has been carefully investigated by analyzing the geometries and the total and difference charge-density maps of the As-Au-As and AsGa-As complexes corresponding to the X 2-BD , D 2-BD , and D 1-BD configurations. For sake of clearness, the results achieved for the As-Ga-As complex will be discussed first. In the As-Ga-As complexes, the Ga-As distances are smaller in the BD configuration, where the complex has an almost ''on-line'' geometry, with respect to the non-BD one, see Table II . Moreover, the Ga-As distances reach values ͑2.27 Å͒ smaller than that estimated by the atomic covalent radii, 30 2.46 Å, thus indicating the existence of a strong Ga-As bonding interaction. First, the nature of the chemical bonds formed in the As-Ga-As complexes has been investigated by analyzing the total ͑valence͒ electronic charge-density distributions. In this analysis, the distribution of the electronic charge around the As atoms of an isolated dimer has been taken as indicative of the formation of covalent bonds. The As-As dimers on the surface are characterized indeed by As-As distances of 2.51 Å, to be compared with the value of 2.4 Å estimated by the As covalent radius. 30 The largest charge-density value that permits to appreciate the formation of the As-As covalent bonds in the isolated dimers has been used, therefore, to calculate all the total charge-density isosurfaces discussed in the present study. An isosurface of the total charge density corresponding to the As-Ga-As geometry of Fig. 6͑a͒ is shown in Fig. 6͑b͒ . This isosurface shows a piling up of the electronic charge density on the As atoms neighboring the Ga atom that implies the formation of cova- FIG. 6 . The figure shows the geometry and some charge density isosurfaces for a Ga adatom located at the site X 2-BD ͓corresponding to the site D 2-BD in Fig. 1͑a͔͒ . ͑a͒ Atomic geometry, the As and Ga atoms are represented by black and gray spheres, respectively. The H atoms are represented by the smallest spheres. ͑b͒ Total valence charge density, the isosurface corresponds to an electron density of 0.035 e/a.u. 3 ; ͑c͒ D Ϫ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 ; ͑d͒ D ϩ density ͑see the text͒, the isosurface corresponds to an electron density of 0.010 e/a.u. 3 TABLE II. Atomic distances ͑angstroms͒ in the geometries of the As-Au-As and As-Ga-As complexes formed by Au and Ga adatoms located at short-bridge sites of an As-As dimer, see Figs. 1-6. M represents an Au adatom located at the D sites or a Ga adatom located at the X sites. BD stands for broken-dimer configurations ͑see the text͒. As 1 lent bonds with a marked ionic character. This electronic distribution should be compared with that found for an Au adatom located at the D 2-BD site, see Fig. 5͑b͒ , which suggests the formation of pure covalent Au-As bonds. The different nature of the chemical bonds in the two above AsGa-As and As-Au-As configurations is confirmed by 2D contour plots of the ͑valence͒ electronic density and 3D isosurfaces of the difference maps. Figures 7͑a͒ and 7͑b͒ show contour plots of the electronic density in planes orthogonal to the surface and close to the atoms of the As-Ga-As ͑X 2-BD configuration͒ and As-Au-As ͑D 2-BD configuration͒ complexes, respectively. Figure 7͑a͒ confirms the ionic character of the Ga-As bonds. Figure 7͑b͒ suggests the formation of an Au-As covalent bond. The same figure shows that only one contour line surrounds the Au and As atoms, while two lines surround the As-As atoms of a neighboring dimer located on the same plane of the contour plot ͓see also the As-Au-As geometry in Fig. 5͑a͔͒ . This suggests the formation of Au-As covalent bonds weaker than the Ga-As bonds. Even the difference density maps relative to the Ga adatom, see Figs. 6͑c͒ and 6͑d͒, show a marked displacement of the electronic charge from the Ga atom towards its As neighbors, when the adatom-dimer interaction is ''switched on.'' A quite different electronic distribution characterizes the chemical bonding of the Au adatoms. The difference density maps of Figs. 5͑c͒ and 5͑d͒ show indeed the absence of charge displacements from the Au atom toward its As neighbors. The nature of the Au chemical bonding can be clarified by an analysis of all the above charge-density plots. Figures 5͑b͒ and 7͑b͒ show the presence of some electronic charge between the Au and As atoms, thus indicating a covalent nature of the Au-As bonds. Figures 5͑c͒ and 5͑d͒ indicate that the formation of those covalent bonds does not imply a displacement of charge from the Au adatom toward its As neighbors, thus indicating the formation of pure covalent bonds. The above analysis of the Au chemical bonding at the D 2-BD site may be related to the geometry of the As-Au-As complex, see Table  II . At variance with the case of Ga, the Au-As distances are both larger than the value estimated from the covalent radii 2.6 Å, thus suggesting the formation of weak Au-As bonds. Finally, a different strength of the As-Ga-As and As-Au-As bonds is suggested by an estimate of the dissociation energy ⌬EϭE͑adatomϩsurface͒ϪE͑surface͒ϪE͑atom͒. Values of ⌬E equal to 2.7 and 1.13 eV have been indeed calculated for the X 2-BD and D 2-BD configurations, respectively. Although the above procedure gives only a rough estimate of the dissociation energies, the above ⌬E values favorably compare with the energy required to break an isolated As dimer ͑on the top layer͒, which has been estimated to be equal to 1.3 eV. In the case of the other investigated Au broken-dimer configuration, D 1-BD , present results indicate the formation of Au-As covalent bonds stronger than those formed in the D 2-BD configuration. The corresponding dissociation energy is equal to 1.7 eV. The geometry of this configuration shows a symmetrical location of the Au adatom with respect to the As atoms of the broken dimer. Moreover, the Au-As distances are close to the value estimated from the covalent radii, see Table II charge between the Au and As atoms with respect to the D 2-BD configuration. However, once more, the difference maps of Figs. 4͑c͒ and 4͑d͒ show the absence of a charge displacement from the Au atom towards its As neighbors, thus confirming the covalent character of the As-Au-As bonds.
For what concerns the non-BD configurations, the geometries of the corresponding As-Au-As complexes are also given in Table II . In the case of the D 1 site, the Au adatom is located midway between the As atoms, it is closer to one of the As atoms of the dimer in the case of the D 2 site. The shortest Au-As distances are equal to 2.77 and 3.00 Å in the D 1 and D 2 configurations, respectively, to be compared with the value estimated by the covalent radii, 2.6 Å. The Au-As distances are shorter and the As-As distances are longer in the case of the D 1 site with respect to the D 2 site. Similar results have been found in the cases of the D 1-BD and D 2-BD sites. This suggests that the As dimers of the third layer are more reactive than those of the top layer, in agreement with the existence of the lower-energy minima in correspondence of the D 1 and D 1-BD sites. This result can be accounted for by the different binding of the Ga atoms neighboring the dimers. In the case of the D 2 site, the Ga atoms carry a dangling bond and are threefold coordinated. They may relax, therefore, by following the displacements of the As atoms forming the dimers. In fact, the corresponding Ga-Ga distances reach the value of 3.6 Å against the value of 4.0 Å found in the bulk, thus stabilizing the As dimer. On the other hand, in the case of the D 1 site, the Ga atoms neighboring the dimers are fourfold coordinated and the corresponding Ga-Ga distance is about 4.0 Å. These Ga atoms do not follow the displacements of the As atoms forming the dimers that result to be the more reactive ones. The longer Au-As distances characterizing the non-BD configurations with respect to the BD ones indicate the formation of weaker Au-As bonds. This agrees with the smaller dissociation energies- All the above results can be included in a coherent picture. An Au adatom has the strongest bonding interactions with the surface atoms when it is located at short-bridge sites of the As dimers. A similar result has been found in the case of the Ga adatoms. However, the nature of the Au chemical binding is quite different from that of the Ga adatom. The adatom-dimer interaction is characterized indeed by the formation of covalent Ga-As bonds with a marked ionic character in the case of Ga and by the formation of weaker covalent Au-As bonds in the case of Au adatoms. The different chemical binding of the two adatoms accounts for the higher barriers that the Au adatom must overcome to break an As dimer with respect to the Ga adatom. In fact, the energy required to break an isolated As dimer on the top layer is equal to 1.3 eV. The barriers found for the formation of the BD configurations are higher and lower than 1.3 eV in the case of Au and Ga adatoms, respectively, because the latter atom has stronger bonding interactions with the As dimers. In particular, the energy barriers estimated for the formation of BD configurations in the case of Au adatoms are about three times larger than those found in the case of the Ga adatoms. In the case of gold, the formation of BD configurations will require, therefore, high-temperature conditions in order to favor the breaking of the As dimers. This suggests that the presence of Au adatoms does not modify the ␤2(2 ϫ4) reconstruction pattern of the GaAs surface and agrees with the results of a recent STM investigation of depositions of fractions of a monolayer of gold on the reconstructed GaAs͑001͒ surface. 19 The above results also agree with the absence of interdiffusion processes at low temperatures. 7 Finally, the lower reactivity of the Au adatom with respect to that of Ga agrees with the different effects that the BD configurations have on the corresponding PES, negligible in the case of Au adatoms, significant in the case of Ga adatoms.
B. Migration paths
On the ground of the above results, only the PES calculated for the non-BD configurations has been considered in the analysis of the Au migration paths on the GaAs surface. These migration paths have been investigated within the framework of the transition-state theory. 31 This approach requires to determine the activation energy for a jump between two binding sites. A number of possible paths has been considered by taking into account the topology of the PES of Fig. 1͑b͒ , which induces to examine diffusion paths in directions parallel and perpendicular to the dimer rows. The activation energy for Au diffusion along these paths has been estimated by examining the local minima and the saddle points of the PES. This analysis has shown that the activation energies for the Au migration range from 0.6 to 3.6 eV and from 1.1 to 2.2 eV in directions parallel and perpendicular to the dimer rows, respectively. These results, in particular, the existence of an energy barrier of only 0.6 eV, support the existence of a strong anisotropy in the two directions. This anisotropy is directly related to the characteristics of the Audimer bonding interaction and to the positions of the As dimers on the reconstructed surface. As an example, a migration path along the line of the C 3 , C 2 , C 4 , C 2 , and C 3 sites of Fig. 1͑a͒ is characterized by energy barriers lower than 0.6 eV. On the other hand, along a path involving the C 1 , C 4 , C 1 , C 5 and C 6 sites ͑which is almost perpendicular to the dimer rows͒, the energy barriers are higher than 1.1 eV. Even a qualitative analysis of the PES of Fig. 1͑b͒ immediately shows the existence of ''channels'' of an almost homogeneous color only in a direction parallel to the dimer rows. In a theoretical study of Si adatoms on the Si ͑100͒ surface, activation energies of 0.6 and 1.0 eV have been estimated for Si diffusion along and perpendicular to the dimer rows, respectively. 14, 15 From these results, root-mean-square displacements of 10 3 Å and 1 Å, respectively, have been estimated for the Si adatoms at room temperature for a time of 10 2 s, which is a reasonable time between two observations in an STM experiment. Those theoretical predictions have been confirmed by STM experiments. 15, 32 Present results suggest, therefore, that also in the case of the Au adatoms a dominant motion of the Au atoms parallel to the dimer rows should be revealed by STM experiments.
IV. CONCLUSIONS
In this work we have clarified the nature of the Au chemical binding for an isolated Au adatom on the GaAs (001)-␤2(2ϫ4) reconstructed surface. The most interesting Au binding sites are located at short-bridge sites close to the As-As dimers of the top and third layers. Similar binding sites have been found for Ga adatoms. However, a Ga adatom forms covalent Ga-As bonds with a marked ionic character when interacting with the As dimers. The Au-dimer interaction is characterized instead by the formation of weaker ͑pure͒ covalent Au-As bonds. Accordingly, Au adatoms do not induce a breaking of the As-As dimers and do not affect the surface reconstruction. The migration of the Au adatoms on the surface should be faster in directions parallel to the dimer rows than perpendicular to them. This strong anisotropy of the Au diffusion should be observed by STM experiments and of interest for technological applications.
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